GSK-3 & human diseases
The cytoplasmic serine/threonine protein kinase glycogen synthase kinase (GSK)-3 was first described as a component of the metabolic pathway for glycogen synthase regulation that is sensitive to insulin-mediated inhibition [1] . There are two homologous mammalian isoforms encoded by different genes, GSK-3α and GSK-3β [2] . Recently, GSK-3 has emerged as a potential therapeutic target in various diseases, in which its overexpression is linked to pathology (e.g., Alzheimer's disease and noninsulin-dependent diabetes mellitus [NIDDM] ). Multiple studies link GSK-3 to Alzheimer's disease, owing to the fact that the microtubule-binding protein tau is hyperphosphorylated by GSK-3, leading to the formation of paired-helical filaments that characterize Alzheimer's disease and other dementias [3] . Apart from a role in neurological pathologies, GSK-3 participates in the development of NIDDM, a disease often associated with chronic inhibition of muscle glycogen synthase [4] . In NIDDM, GSK-3 inhibitors mimic the insulin-activated signaling pathway by activating glycogen synthesis through the dephosphorylation and activation of glycogen synthase [4, 5] . In addition, it has also been suggested that GSK-3 might participate in inflammatory processes by positively regulating nuclear factor (NF)κB transcriptional activity, since administration of a GSK-3 inhibitor potently suppressed proinflammatory responses and mediated protection from endotoxin shock in mice [6] . Lastly, inhibition of GSK-3 was found to be useful in the therapy of organ dysfunction associated with sepsis, shock and other diseases associated with local or systemic inflammation [7] . Taken together, these recent observations identify GSK-3 as a potential therapeutic target in multiple human pathological processes.
GSK-3 & cancer: a paradigm with a controversial history GSK-3 is purported to participate in neoplastic transformation and tumor development based on its role in the canonical wingless-type (Wnt)-β-catenin signaling pathway. In Wnt signaling, GSK-3 is a critical component of the adenomatous polyposis coli (APC)-β-catenin destruction complex [8] . When β-catenin is phosphorylated by GSK-3, it becomes a target for ubiquitin-mediated proteosomal degradation, thereby limiting the amount of free β-catenin that can accumulate in the nucleus, where it can function as a transcriptional coactivator for the T-cell factor (TCF)/lymphoid enhancer factor (LEF) transcription factors to drive the expression of a certain set of genes, including oncogenes (e.g., cyclin D1, matrix metalloproteinase [MMP]-7) [8] . Exposure of cells to Wnt ligands leads to inactivation of GSK-3 through an as yet unclear mechanism. Of note, tissues from mice lacking GSK-3β do not show evidence of accumulated β-catenin, even though total GSK-3 levels are reduced by 50% and there is zero cellular GSK-3β [9] . Immunoprecipitation of axin from these tissues reveals that GSK-3β is simply replaced by GSK-3α (in wild-type cells, both GSK-3α and GSK-3β are found bound to axin), indicating that these two kinases can substitute for each other in the regulation of β-catenin [2] . A critical aspect of GSK function in the Wnt pathway is that GSK-3 appears to be insulated from regulators of GSK-3 that lie outside of the Wnt pathway [2] . For example, insulin/Akt signaling leads to inhibition of GSK-3 via serine phosphorylation (Ser21 in GSK-3α and Ser9 in GSK-3β) but does not cause accumulation of β-catenin. Conversely, Wnt signaling does not affect insulin/Akt signaling and does not lead to serine phosphorylation of either GSK-3 isoform [10] . How this insulation occurs is unclear, but it probably stems from the effective sequestration of a fraction of GSK-3 with axin in the destruction complex [2] . It is of significant interest that embryonic stem cells lacking GSK-3 (α and β), but expressing a constitutive active version of GSK3-α (S21A), can still regulate β-catenin nuclear accumulation in response to Wnt signaling [11] . Thus, these data would suggest that Wnt signaling does not inactivate GSK-3, but more likely disrupts the formation of the β-catenin destruction complex.
Akt is frequently activated in human cancer, including carcinomas, glioblastoma multiforme and various hematological malignancies [12] . Although activated Akt inhibits GSK-3 through the phosphorylation of GSK-3 at Ser21/Ser9 (which reflects the physiological mechanism of insulin action), this inactivation does not affect β-catenin levels in the cell and does not mean that GSK-3 is inhibited completely in human cancer. The best example of this are two pancreatic cancer cell lines, PANC1 and ASPC1, which exhibit 30-and 50-fold amplification of AKT2, respectively, and high levels of AKT2 RNA and protein [13] . However, using an in vitro kinase assay, the authors have recently demonstrated that GSK-3β is highly active in PANC1 and ASPC1 cancer cell lines, suggesting that although some pools of GSK-3 can be phosphorylated by Akt at Ser21/Ser9 and inhibited, certain pools of GSK-3 remain active in cancer cells [14] . Moreover, another study demonstrated high activity and increased expression level of GSK-3β in colon cancer cell lines and in human colorectal carcinomas by in vitro kinase assay and Western blotting [15] . Significantly, this study demonstrated high levels of active phospho-Akt Ser473 in 10 out of 20 human colorectal carcinomas, but lower levels of inactive phospho-GSK-3β Ser9 were found in nine of these ten tumors (expressing active Akt) than in their normal counterparts [15] . Additionally, compared with normal tissue, GSK-3β was overexpressed in most colon cancer tumor samples [15] . These studies suggest that Akt activation and GSK-3 inhibitory phosphorylation are not always correlated in human tumors in vivo and a certain pool of GSK-3 remains active in cancer cells irrespective of Akt activation. Thus, while GSK-3 has been shown to negatively regulate the stability and expression of cell-cycle regulators, such as cyclin D1, cyclin E, c-Jun and c-Myc, which are linked with tumorigenesis [16] , GSK-3 may be involved in cancer cell proliferation and survival.
Taken together, one would predict that GSK-3 is a putative tumor-suppressor protein, since its inhibition is expected to mimic the activation of the Wnt-signaling pathway and stabilize oncogenic proteins. Thus, anti-GSK-3 therapy raises concerns that inhibition of GSK-3 could presumably lead to tumorigenesis. However, to date there have been no reports of GSK-3 mutations in human cancer and, in fact, Wnt signaling, cyclin D1 levels and β-catenin nuclear accumulation are not perturbed in GSK-3β-deficient mice [9] .
Moreover, the authors' studies suggest that, even in colon cancer, where β-catenin dysregulation is involved in the pathogenesis of the tumor, GSK-3β remains active, is overexpressed in the cancer cells and is required for colon cancer cell proliferation and survival [15] . Moreover, 60 days of lithium treatment, a potent inhibitor of GSK-3 with a limited degree of inhibition, in APC mutant mice, did not produce a significant increase in the number of tumors in these genetically predisposed mice [17] . In addition, it was reported that the risk of cancer development in psychiatric patients treated with lithium carbonate is significantly lower than in the general population, and that an inverse relationship has been observed between cancer morbidity and lithium dosage [18] . However, it is unclear whether the concentration of lithium administered in these cases would be able to inactivate GSK-3 sufficiently, in order to stabilize β-catenin and permit its nuclear accumulation and transactivation. Yet, lithium treatment was found to lead to decreased levels of cyclin E and protein kinase B (PKB)/Akt and inhibition of proliferation in hepatocellular carcinoma cell lines [19] . Thus, the role of GSK-3 in human cancer remains enigmatic and controversial. On the one hand, GSK-3 should function as a tumor suppressor by regulating the activation of β-catenin signaling, but on the other hand, GSK-3 inhibition does not increase the incidence of cancer and seems to correlate with decreased tumor cell proliferation and survival.
Targeting GSK-3: a promising approach for cancer therapy? -REVIEW Inhibition of GSK-3β suppresses cancer cell proliferation & survival by abrogating NFκB nuclear activity The activation of NFκB is a double-edged sword. While needed for proper immune system function, inappropriate NFκB activation can mediate inflammation and tumorigenesis. In fact, constitutively active NFκB has been identified not only in cancer cell lines, but also in human tumor tissues derived from patients with multiple myeloma [20] , acute myelogenous leukemia [21] , acute lymphocyte leukemia [22] , chronic myelogenous leukemia [23] , prostate [24] , breast [25] and pancreatic [26] cancers. A major consequence of tumors that have constitutive NFκB activity is their increased proliferation through the upregulation of cyclin D1, and their resistance to chemotherapy and radiation through the increased expression of survival genes (e.g., Bcl-2, Bcl-X L , XIAP). In fact, NFκB activation is part of the cancer cell's autodefense mechanism, since most chemotherapeutic agents and radiation that induce apoptosis also activate NFκB [27] , and thus hyperactive NFκB signaling can contribute to tumor chemoresistance and radioresistance [28] . In addition, NFκB participates in tumor neovascularization, invasion and metastasis through the upregulation of vascular endothelial growth factor (VEGF) and MMP-9 [29, 30] . Consistent with these roles of NFκB in cancer, suppression of NFκB in tumors inhibits metastasis, causes cell-cycle arrest and leads to apoptosis [30, 31] . Together, all of these studies highlight the crucial role of NFκB in tumorigenesis, suggesting NFκB as an attractive target in the treatment of cancer.
Surprisingly, similar to the disruption of the NFκB p65 or IKKβ genes, ablation of the murine GSK-3β gene resulted in embryonic lethality due to hepatocyte apoptosis and massive liver degeneration [9, 32, 33] . These findings pointed to an unexpected role for GSK-3β (but not GSK-3α) in the mechanism of NFκB activation and suggest that GSK-3β may be a potential therapeutic target in human cancer. In fact, the authors have shown that pharmacological inhibition of GSK-3 or genetic depletion of GSK-3β by RNA interference (RNAi) suppresses basal NFκB transcriptional activation of a subset of anti-apoptotic (XIAP, Bcl-2) and proliferation (cyclin D1) genes, leading to decreased pancreatic cancer cell proliferation and survival [14] . Moreover, pharmacological inhibition of GSK-3 arrests pancreatic tumor growth in vivo and leads to suppression of NFκB transcriptional activity and decreased pancreatic cancer cell proliferation and survival in established tumor xenografts [AV Ougolkov and DD Billadeau, Unpublished Data]. In addition, it has been demonstrated that lithium-induced strong growth inhibition in 9 out of 12 hepatocellular carcinoma cell lines [19] and lithium enhanced the in vivo antitumor action of tumor necrosis factor (TNF) [34] . Moreover, GSK-3 inhibition was also shown to be useful in treating prostate cancer, with the inhibition of GSK-3 reducing cancer cell proliferation and dramatically enhancing TNF-related apoptosis inducing ligand (TRAIL)-induced apoptosis in prostate cancer cell lines [35, 36] . Lastly, pharmacological inhibition of GSK-3 or depletion of GSK-3β by RNAi induced apoptosis and attenuated proliferation of colon cancer cells [15] . Thus, in these examples, inhibition of GSK-3 using small molecule inhibitors, or RNAi to specifically deplete GSK-3β results in decreased NFκB activity in cancer cells and an increase in sensitivity to compounds that induce apoptosis.
Recently, it has been demonstrated that ablation of GSK-3β in HCT116 p53 +/+ colon cancer cells activates p53-dependent apoptosis and antagonizes xenograft tumor growth in vivo [37] . In fact, NFκB is constitutively active in HCT116 colon cancer cells [38] and Twist, an NFκB-regulated target gene, can inhibit p53-induced apoptosis, possibly by interfering with the ARF-MDM pathway [39] . NFκB itself can also upregulate MDM2 and suppress p53 stabilization [40] . Thus, depletion of GSK-3β may induce p53-dependent apoptosis through inhibition of basal NFκB activity in HCT116 p53 +/+ colon cancer cells, although other mechanisms cannot be excluded. In addition, several cancer cell lines that are mutant for p53, including the colon cancer cell line SW480 and the pancreatic cancer cell lines MIA-PaCa2 and BXPC3, undergo apoptosis following incubation with GSK-3 inhibitors or depletion of GSK-3β by RNAi [14, 15] . Thus, there may be p53-dependent, as well as p53-independent, mechanisms controlling apoptosis following the inhibition of GSK-3. Whether this is celltype specific or owing to the genetic make-up of the tumor cells is unclear and will require further study.
The exact mechanism by which GSK-3β impacts NFκB activity is unknown. Using GSK-3β-deficient mouse embryonic fibroblasts (MEFs), it has been demonstrated that the early steps leading to NFκB activation following TNFα treatment (degradation of inhibitor of κB [IκB]α and translocation of NFκB to the nucleus) were unaffected by the loss of GSK-3β, indicating that NFκB is regulated by GSK-3β at the level of the transcriptional complex [9] . Consistent with this idea, the authors have shown that GSK-3β influences NFκB-mediated gene transcription in pancreatic cancer cells at a point distal to the IκB kinase [IKK] complex, as only ectopic expression of the NFκB subunits p65/p50, but not an IKKβ constitutively active mutant, could rescue the decreased cellular proliferation and survival associated with GSK-3β inhibition [14] . These data rule out an effect of GSK-3β on the cascade of proteins that culminates in phosphorylation of IκBα and its degradation, and suggest that GSK-3β must be regulating the nuclear activity of NFκB p65/p50 (Figure 1 Recently, two reports demonstrated that increased levels of β-catenin can antagonize NFκB activity [41, 42] , suggesting that the inhibition of GSK-3 (both GSK-3α and GSK-3β) may affect NFκB activity through the stabilization of β-catenin-p65 complexes that are transcriptionally inactive (Figure 1) . However, β-catenin levels are unaffected in GSK-3β null fibroblasts, suggesting the possibility of an effect on NFκB by GSK-3β that is independent of β-catenin [9] . Consistent with a role for GSK-3β in regulating the nuclear activity of p65, a recent study demonstrated that inhibition of GSK-3β leads to decreased TNFα-induced binding of NFκB to the promoters of a subset of target genes in fibroblasts and intestinal epithelial cells [43] . Consistent with this observation, using chromatin immunoprecipitation, the authors have found that p65 is no longer bound to the promoters of several target genes following GSK-3 inhibition in pancreatic cancer cell lines [AV Ougolkov and DD Billadeau, Unpublished Data]. Together, these data suggest that GSK-3 regulates the nuclear activity of NFκB, but the mechanisms involved have not yet been fully elucidated. It is of interest that GSK-3β is able to phosphorylate several sites in the transactivation domain of p65 and in this way may regulate the binding of p65 to the promoters of its target genes. In fact, the loss of GSK-3β-mediated phosphorylation of p65 results in TNFα sensitivity in hepatocytes owing to greatly diminished NFκB transcriptional activity [44] , whereas another study demonstrated that phosphorylation of p65 at Ser468 by GSK-3β negatively regulates basal NFκB activity [45] . Supporting the latter hypothesis, another study suggests that GSK-3β can have a repressive effect on NFκB activity [46] . Although it is possible that GSK-3β controls NFκB nuclear activity through direct phosphorylation of NFκB p65, with p65 modification affecting DNA binding activity or dimerization [44] , it is also possible that GSK-3β may affect the chromatin structure, thereby facilitating accessibility of transcription factors, such as NFκB, at the promoter regions of target genes (Figure 1) . Recently, the authors have found that GSK-3 regulates histone H3 modification at the promoters of a subset of NFκB-mediated genes in pancreatic cancer cells, and through this, GSK-3 may contribute to p65/p50 binding to the promoters of its target genes [AV Ougolkov and DD Billadeau, Unpublished Data]. Thus, it is possible, that GSK-3β may affect the regulation of NFκB at several levels but the exact mechanism(s) by which it exerts its effects on NFκB will require further study.
GSK-3 & carbohydrate metabolism in cancer
In addition to GSK-3β affecting NFκB-mediated cancer cell survival and proliferation, GSK-3 regulates a wide range of cellular processes including carbohydrate metabolism and translation. More than seven decades ago, the German biochemist Otto Warburg made the seminal observation that most tumors relied on anaerobic glycolysis even in the presence of abundant oxygen, a phenomenon now referred to as the Warburg effect [47] . In fact, tumor cells are notorious for their consumption of glucose, a requirement to sustain their high proliferative rate and increased need for macromolecular synthesis. A well known characteristic of malignant cells is their ability to compete for glucose up to 50-times more intensely than the surrounding normal tissue [47, 48] . This characteristic of tumor cells has been confirmed and exploited by clinical radiologists using 2-fluoro-2-deoxy-D-glucosepositron emission tomography (PET) imaging. This switch from aerobic to anaerobic metabolism, while not being at all energy efficient (anaerobic glycolysis only realizes two ATP molecules per glucose molecule, whereas an additional 36 molecules could be generated during aerobic oxidative phosphorylation by oxidizing pyruvate to HCO 3 ), is compensated by an increase in glucose uptake by tumor cells [49] . Interestingly, Targeting GSK-3: a promising approach for cancer therapy? -REVIEW while the glycolytic phenotype would appear to confer a significant competitive disadvantage on the tumor cells, recent mathematical modeling of the tumor-host interface suggests that the switch to anaerobic metabolism actually favors tumor cell invasion into the surrounding normal parenchyma where the tumor can outcompete normal cells for available resources [50] . Moreover, the anaerobic glycolytic phenotype decreases the extracellular pH surrounding the tumor (owing to the conversion of pyruvate to lactate by lactate dehydrogenase and increased excretion of protons through upregulated Na + /H + antiport and other membrane transporters), resulting in increased p53-dependent apoptosis of normal cells (most tumor cells are p53 mutant and can survive in such a low pH environment), enhanced angiogenesis, decreased immune cell responses, degradation of the interstitial matrix and loss of intercellular gap junctions. Tumor cells also use glucose for intracellular anabolic processes, mainly the synthesis of nucleotides and other macromolecules, which are critical for cell division and proliferation. Taken together, all of these events contribute to and favor tumor growth, invasion and metastasis.
As indicated previously, GSK-3 was discovered initially as an inhibitor of glycogen synthase, which is the rate-limiting kinase in glycogen synthesis. Glycogen, the storage form of carbohydrate in the human body, is found chiefly in the liver and muscle, but can also be stored in other cell types. It is of interest that expression of glycogen is significantly decreased in poorly differentiated cancer cells, which are the most aggressive and demonstrate the highest proliferation rate [51, 52] . It is likely that rapidly dividing cancer cells require a constant and high supply of glucose with no need for synthesis and storage of glycogen. By inhibiting glycogen synthesis, GSK-3 may contribute to cancer cell proliferation through complete utilization of glucose for energy needs and macromolecular synthesis. Given the observation that energy metabolism of cancer cells relies mainly on glucose, cancer cells should be more sensitive to alterations in glucose metabolism compared with normal cells. Inhibition of GSK-3 may affect glucose metabolism in cancer cells by upregulating glycogen synthesis leading to alterations in catabolic (anaerobic glycolysis) and anabolic (nucleotides synthesis) processes in the cancer cell, which may result in decreased cancer cell proliferation and survival, although this hypothesis needs to be investigated.
Expression & localization of GSK-3β in cancer cells GSK-3β protein overexpression has been found in human ovarian [53] , colon [15] and pancreatic [AV Ougolkov and DD Billadeau, Unpublished Data] carcinomas. Of note, the study using a mouse hepatic carcinogenesis model demonstrated higher levels of GSK-3β expression in liver tumors than in normal liver tissue, as shown by Western blotting [54] . Although the localization of GSK-3β has not been investigated in human cancer, the authors have found that cytoplasmic overexpression of GSK-3β (normal ductal and acinar cells showed only weak GSK-3β cytoplasmic staining and thus this staining served as an internal control) was observed in most highgrade pancreatic intraepithelial neoplasias (PanIN) lesions and differentiated pancreatic adenocarcinomas, whereas nuclear accumulation of GSK-3β was significantly associated with poorly differentiated pancreatic adenocarcinomas [AV Ougolkov and DD Billadeau, Unpublished Data]. Although GSK-3β does not contain any identifiable nuclear localization or nuclear export signal sequences, it is known to shuttle from the cytoplasm to the nucleus, where it is thought to IκB IκB GSK-3β P P P P P β-catenin P P P Degradation Axin P P Nucleus participate in the regulation of gene transcription through the phosphorylation of transcription factors (e.g., nuclear factor of activated T cells [NFAT] , c-Jun) [55, 56] . Although the GSK-3β-interacting protein Frat1 has been suggested to bind to GSK-3β in the nucleus and shuttle it to the cytoplasm, the mechanism by which GSK-3β is transported into the nucleus is not clear. However, a recent report has identified the TNF-like family member TNF weak inducer of apoptosis (TWEAK) as a molecule that interacts with GSK-3β [57] . It was found that a membrane cleaved form of TWEAK (sTWEAK), could enter cells that lack its known receptor (Fn14) and promote the nuclear accumulation of GSK-3β and subsequently NFκB-mediated gene transcription, thereby providing a possible link between GSK-3β nuclear accumulation and the regulation of nuclear NFκB activation [57] . It is of interest that many tumor cell lines and tumors express TWEAK. However, the role of TWEAK in the pathogenesis of human malignancies is controversial, since TWEAK can have both proliferative and antiproliferative effects on cancer cell lines. It remains to be determined if TWEAK participates in the nuclear accumulation of GSK-3β in cancer cells, where it could increase basal NFκB activity.
Inhibition of GSK-3 by cyclin-dependent kinase inhibitors: side or major anticancer effect? As demonstrated in numerous publications, cyclin-dependent kinase (CDK) inhibitors suppress the proliferation and survival of a broad range of cancer cell lines in vitro and in vivo [58] . In fact, CDK inhibitors, induce cell cycle arrest and apoptosis in cell lines that lack p53 and Rb, where normal cell cycle checkpoints are not in place. Presently, the mechanism by which CDK inhibitors induce apoptosis in cancer cells is unknown, but several studies have convincingly suggested that CDK inhibitors act on targets other than CDKs to induce apoptosis [58] . CDK inhibitors target a variety of kinases and of interest, most reported CDK inhibitors are also powerful GSK-3 inhibitors [59] . For example, staurosporine, its derivative UCN-01 (7-hydroxystaurosporine) and flavopiridol inhibit GSK-3 with an IC 50 of 15 nM, 70 nM and 450 nM, respectively [59] . Indeed, flavopiridol inhibits TNFα-mediated NFκB activation and induces apoptosis in small cell lung cancer (SCLC) cell lines, but the reason for this effect of flavopiridol is unknown [60] . However, the potential explanation could be found in another study showing that inhibition of GSK-3 suppressed NFκB activity and sensitized hepatocytes toward TNFα-mediated apoptosis [44] . Moreover, similar to genetic depletion of GSK-3β by RNAi [14] , CDK inhibitors downregulate expression of NFκB target genes cyclin D1, Bcl-2 and XIAP in cancer cells [61, 62] . Thus, it is possible that CDK inhibitors induce apoptosis through inhibition of GSK-3 resulting in decreased NFκB transcriptional activity in cancer cells.
Another question is how CDK inhibitors could be effective in the treatment of small cell lung cancer if these cancer cells are nearly universally Rb negative [63] . Nevertheless, staurosporine suppresses proliferation and survival of SCLC cancer cells [64] , which is further evidence of CDK inhibitors off-targeting. Again, this effect could be explained by inhibition of GSK-3 with subsequent inactivation of NFκB-mediated transcription resulting in decreased cancer cell proliferation and survival in SCLC. In fact, the authors have found that inhibition of GSK-3 suppresses NFκB transcriptional activity in SCLC leading to decreased cancer cell proliferation and apoptosis [AV Ougolkov and DD Billadeau, Unpublished Data]. In addition, similarity was observed in the induction of TRAIL-mediated apoptosis using either flavopiridol [60] or GSK-3 inhibitors [36] in cancer cells. Of course, although some of these suggestions are highly speculative, previously published papers on the cellular effects of CDK inhibitors need to be re-evaluated in terms of GSK-3 inhibition and their effects on cancer cell proliferation and survival.
Future perspective
As our knowledge of the function and regulation of GSK-3 in cancer progresses, we become aware of the potential benefits of inhibiting this kinase to treat this disease. However, several questions remain to be answered: what is the expression profile and subcellular localization of GSK-3 in different types of human cancer? What drives the nuclear accumulation of GSK-3β in cancer cells? How does GSK-3β potentiate NFκB activity in the cancer cell nucleus? Does GSK-3β regulate other transcription factors that modulate tumor cell proliferation and survival? Is GSK-3α involved in cancer cell proliferation and survival? What are the other cellular targets of GSK-3 that will lend proliferative and survival advantages to cancer cells? Future studies aimed at answering these questions will no doubt shed light on the multiple mechanisms by Targeting GSK-3: a promising approach for cancer therapy? -REVIEW
Executive summary

Glycogen synthase kinase-3 & human diseases
• A large body of evidence supports the suggestion that pharmacological inhibitors of glycogen synthase kinase (GSK)-3 could be useful in the treatment of Alzheimer's disease and other neurodegenerative diseases, as well as in regulating inflammation and cancer.
GSK-3 & cancer: a paradigm with a controversial history
• Because GSK-3 inhibition are expected to mimic wingless-type (Wnt) signaling and stabilize oncogenic proteins, anti-GSK-3 therapy raises physician concerns that inhibition of this enzyme could presumably lead to tumorigenesis. However, Wnt signaling, cyclin D1 levels or β-catenin accumulation are not perturbed in GSK-3β-deficient mice.
• GSK-3 is not mutated in human cancer.
• The activities of GSK-3β, Akt and β-catenin is independent in colon cancer cell lines and human colorectal carcinomas.
• The risk of cancer development in psychiatric patients treated with lithium carbonate, a GSK-3 inhibitor used for bipolar disorder treatment, is significantly lower than in the general population.
Inhibition of GSK-3β suppresses cancer cell proliferation & survival by abrogating nuclear facotr κB nuclear activity
• Similar to the disruption of the nuclear factor (NF)κB p65 or inhibitor of κ B (IκB) kinase (IKK)β genes, ablation of the murine GSK-3β gene resulted in embryonic lethality due to hepatocyte apoptosis and massive liver degeneration. These findings suggest GSK-3β involvement in the mechanism of NFκB activation.
• NFκB is constitutively active in most human hematopoietic and solid malignant tumors. NFκB activation is a part of the cancer cell's autodefense mechanism and thus may mediate tumor chemoresistance and radioresistance. Moreover, most chemotherapeutic agents and radiation that induce apoptosis also activate NFκB. Suppression of NFκB in tumors inhibits metastasis, causes cell-cycle arrest and leads to apoptosis.
• NFκB-mediated cancer cell survival and proliferation can be suppressed by inhibition of GSK-3β in vitro and in vivo.
• GSK-3β is required for NFκB nuclear activity independent of IκB degradation and NFκB nuclear translocation. A subset of antiapoptotic (XIAP, Bcl-2) and proliferation (cyclin D1) genes required functional GSK-3β for NFκB-mediated transcriptional activation in human cancer. The exact mechanism by which GSK-3β impacts NFκB activity is unknown.
• Increased levels of β-catenin can antagonize NFκB activity. GSK-3α/β may contribute to constitutive NFκB transcriptional activity by targeting β-catenin for degradation, thereby preventing the formation of a β-catenin-NFκB interaction.
GSK-3 & carbohydrate metabolism in cancer
• Most tumors rely on anaerobic glycolysis even in the presence of abundant oxygen, known as a Warburg effect phenomenon. Malignant cells have the ability to compete for glucose up to 50-times more intensely than the surrounding normal tissue.
• GSK-3 inhibits the synthesis of glycogen, the storage form of carbohydrate in the human body. Expression of glycogen is significantly decreased in poorly differentiated tumors that show the highest proliferation rate.
• Inhibition of GSK-3 may affect glucose metabolism in cancer cells by upregulation of glycogen synthesis, leading to alterations in catabolic (anaerobic glycolysis) and anabolic (nucleotides synthesis) processes in the cancer cell, which may result in decreased cancer cell proliferation and survival.
Expression & localization of GSK-3β in cancer cells
• GSK-3β protein overexpression or nuclear localization was found in human ovarian, colon and pancreatic carcinomas.
Inhibition of GSK-3 by cyclin-dependent kinase inhibitors: side or major anticancer effect?
• GSK-3 inhibition is a side effect of numerous drugs used for cancer treatment.
• Most reported cyclin-dependent kinase (CDK) inhibitors are powerful GSK-3 inhibitors. The mechanism by which CDK inhibitors induced apoptosis in cancer cells is unknown. It is likely that CDK inhibitors induce apoptosis through inhibition of GSK-3, resulting in decreased NFκB transcriptional activity in cancer cells.
• Previously published studies on the cellular effects of CDK inhibitors need to be re-evaluated in terms of GSK-3 inhibition and its effect on cancer cell proliferation and survival.
Future perspective
• Inhibition of GSK-3 suppresses tumor growth, suggesting that the GSK-3β inhibitor may be used as a monotherapy for cancers with constitutively active NFκB.
• Given that NFκB activation mediates tumor chemoresistance and radioresistance, further studies are needed to investigate whether GSK-3 inhibition is useful in combination with anticancer drugs and radiotherapy.
• Further investigations are required to determine the mechanism of GSK-3β nuclear accumulation, its role in NFκB nuclear activity in cancer cells and whether GSK-3β regulates additional molecular pathways that contribute to human cancer.
which GSK-3 contributes to the pathogenesis of human cancer. Although the inhibition of GSK-3 suppresses tumor growth, suggesting that GSK-3 inhibitors may be used as a monotherapy for cancers with constitutively active NFκB, GSK-3 inhibition may be useful in combination with other anticancer drugs and radiotherapy, since it may help to sensitize the cancer cells to the effects of these agents by blocking NFκB activity. In view of its effect in human cancer, therapeutic inhibition of GSK-3 is an attractive goal, and with more than 50 inhibitors of GSK-3 already identified, we believe that clinical trials targeting GSK-3 in human cancer will begin in the near future.
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